ABSTRACT The waste artiÞcial larval rearing media of New World screwworms, Cochliomyia hominivorax (Coquerel) were evaluated to determine their effectiveness as oviposition attractants. Various concentrations of waste larval media resulting from rearing screwworm larvae in gel and cellulose Þber-based artiÞcial diets tested over a 4-wk period attracted varying number of gravid screwworm ßies to oviposit. Three-day-old waste medium with concentrations of 10 and 25% were most attractive to gravid female ßies for oviposition and resulted in the most oviposition. One and 7-d-old wastes at all concentrations were less attractive for oviposition than the 3d-old media. The fresh (0-d-old), 14-d-and 28-d-old waste media were the least attractive substrates for oviposition. The waste from the cellulose Þber-based diet resulted in signiÞcantly more oviposition compared with waste from the gel-based diet. Microorganisms growing in the waste media probably produce metabolites that attract gravid screwworm ßies to oviposit. Use of the waste products of appropriate age and dilution as oviposition substrates would enhance oviposition in mass production colony cages.
reviewed work on mosquito attractants. Allan and Kline (1995) evaluated organic infusions and synthetic compounds that mediate oviposition in Aedes albopictus (Skuse) and Aedes aegypti (L.). Ponnusamy et al. (2010) reported that the oviposition response of gravid mosquitoes to plant infusions is strongly inßu-enced by abundance and diversity of bacterial species, which in turn is affected by plant species, leaf biomass, and fermentation time. Among higher Diptera, Hawkes (1975) reported a kairomone from cabbage which attracts cabbage maggot ßy, Hylemya brassicae (Bouche). Bacteria-originated kairomones appear to be responsible for inducing oviposition in several higher Dipteran species including houseßies, Musca domestica L. (Lam et al. 2007 ), face ßies, Musca autumnalis DeGeer (Bay and Pitts 1976) , onion maggot ßies, Delia antiqua Meigen (Hough et al. 1982, Judd and Borden 1992) , Australian sheep blow ßies, Lucilia cuprina (Wiedemann) (Emmens and Murray 1983) , stable ßies, Stomoxys calcitrans (L.) (Romero et al. 2006 ), blow ßies, Phormia regina (Meigen) (BartonBrowne 1960, Byrd and Allen 2001) , and New World or primary screwworms, Cochliomyia hominivorax (Coquerel) (Eddy et al. 1975; Chaudhury et al. 2002 Chaudhury et al. , 2010 . Gravid screwworm ßies are also attracted to bovine blood and animal wound ßuid for oviposition (Hammack 1991) .
New World screwworms are an economically important species causing myiasis in animals and humans. This insect has been eradicated from the United States, Mexico and Central America using the sterile insect technique. A permanent sterile ßy barrier has been established in the Darien Gap in Panama between Panama and the Colombia border where some 30 million sterile ßies are released weekly to prevent reinfestation of North and Central American countries from ßies migrating from infested areas in South America. The screwworm mass production facility in Panama supplies all the sterile ßies needed for the maintenance of the barrier.
A large number of screwworm eggs are required daily to maintain such a large production colony. The female ßy deposits Ϸ250 Ð300 eggs (Ϸ10 mg) when Ϸ8 d old. One of the factors that inßuence oviposition is a suitable oviposition substrate, which attracts gravid females to the oviposition site and eventually stimulates them to deposit eggs (Crystal 1964 , Fletcher et al. 1973 . Adams et al. (1979) tested attractancy of waste product from a meat-based larval rearing medium, called the vat ßuid, in an olfactometer against gravid screwworm females and reported that the vat ßuid was attractive to gravid ßies at concentrations of 0.05Ð100% but concentrations Ͼ25% did This article reports the results of research only. Mention of a proprietary product does not constitute an endorsement or a recommendation by the USDA for its use.
not increase the percentage of attraction. The waste liquid had a characteristic smell and apparently attracted and stimulated the gravid ßies to oviposit. The vat ßuid used by these authors consisted of semißuid lysed meat and larval excretory products, and had a strong carrion odor. Holt et al. (1979) reported that the vat ßuid that contained meat-blood mixture contaminated with larval waste products and microorganisms attracted Ͼ80% of the gravid females to oviposit. Meat was the main ingredient of the larval rearing medium during the early period of screwworm production. Currently, screwworm larvae are reared on an artiÞcial medium without the raw liquid blood and meat. The artiÞcial rearing medium consists of spraydried bovine blood, spray-dried poultry eggs and a milk substitute which are mixed with a bulking agent, either a sodium polyacrylate gel or a cellulose Þber, and water. Consequently, the waste material from the current artiÞcial diet would be different in composition and texture from the earlier vat ßuid. In preliminary tests, we observed that the current waste larval diet, when used on an oviposition substrate such as a polyester sponge or a plywood board, also attracted and stimulated gravid screwworm ßies to oviposit; the untreated substrate resulted in little or no oviposition (M.F.C., unpublished data). The waste materials from an artiÞcial larval diet seem to have the same capability as the blood-meat based vat ßuid to act as an attractant for the gravid females for oviposition. However, the optimal concentration and age of the waste diet that produces the maximum attraction and oviposition is unknown. This information will be useful for enhancing and improving the oviposition process in the mass production colony. This paper reports the results of studies conducted to evaluate the role of the waste material from the artiÞcial larval diets as an oviposition attractant for gravid screwworm ßies and to determine the age and concentration of the waste product eliciting maximum attraction and oviposition.
Materials and Methods
Insect Rearing. Insects were reared using artiÞcial larval rearing medium as described by Chaudhury and Alvarez (1999) , and Chaudhury and Skoda (2007) , using a sodium polyacrylate gel Aquatain (Pioneer Medical Inc., Lakeland, FL) as bulking or solidifying agent for the gel-based medium and CF-100 (Central Fiber Corporation, Wellsville, KS) for the cellulose Þber-based medium.
Preparation of Waste Media. The waste larval rearing medium was collected from the screwworm larval rearing tray after the larvae fully matured and crawled out of the rearing tray. The waste diet was a solidliquid slurry that emitted a putrid odor. This material was used undiluted and also at three different diluted concentrations by mixing 10, 25, or 50 ml of waste diet with distilled water to make 100 ml of each. Dilutions were prepared from fresh waste (day 0) and thereafter at ages 1, 3, 7, 14, and 28 d after crawl-off. The resulting waste products were placed in individual glass jars, covered with lids and stored at 27ЊC until use at appropriate age of the media when they were heated to 40ЊC before use. The procedure was repeated with a new batch of waste medium for each replicated test.
Oviposition Tests. Tests were conducted in wiremesh cages (0.3 ϫ 0.3 ϫ 0.3m) with 20 eight-day-old gravid females per cage. The oviposition substrate was prepared using a 9 cm petri dish lined with a moist Þlter paper. On the center of the Þlter paper was placed a piece of yellow polyester kitchen sponge (3 cm dia ϫ 0.8 cm thick). The sponge was then treated with 5 ml of the warmed waste medium. The control petri dish had a sponge treated with 5 ml of warmed distilled water. Treated and control petri dishes were introduced in each cage and placed on the base at diagonal corners. Tests were run for the four concentrations of the waste material using as freshly prepared (day 0), and after 1, 3, 7, 14, and 28 d in separate cages. The cages were placed ϳ1 meter apart in dark for 1 h at 37ЊC to allow oviposition. After 1 h petri dishes were checked for oviposition and the deposited eggs were collected and weighed. The ßies were dissected to determine the number of ßies that oviposited by examining the dissected ovaries. Six replicates of each treatment were run using new batches of waste media for each replicate from each diet.
Statistics. Treatment effects for oviposition in terms of age groups and concentrations of the waste media were calculated as the difference between treated and control in both experiments. Differences in weight of eggs and number of females stimulated to oviposit were evaluated with analysis of variance (ANOVA); Mean Ϯ SD for rows (F ϭ 34.6; df ϭ 5, 138; P ϭ 0.000) or columns (F ϭ 11; df ϭ 3, 140; P ϭ 0.000) followed by the same letter are not signiÞcantly different (P ϭ 0.05; TukeyÕs range test).
TukeyÕs range test was used to separate the means after a signiÞcant F value (NCSS 1995) . ANOVA was also used to determine signiÞcant differences in egg weight and number of females ovipositing between the gel and cellulose Þber-based waste (Sokal and Rohlf 1981) .
Results
The number of gravid ßies that deposited eggs, as determined by ovarian dissection, on the substrates treated with gel-based waste together with the corresponding control substrates varied with age as well as concentration of the waste (Table 1 ). The mean numbers included females that oviposited in both treated and the control substrates. The waste medium diluted to 10 and 25% attracted signiÞcantly more ßies to oviposit than the undiluted waste or the waste diluted to 50% in combined age groups. In combined concentration groups, the waste from three and 7-d were signiÞcantly more attractive than the other four age groups (Table 1 ). The amount of eggs laid by these females similarly varied with the age and the concentration of the waste (Table 2) . SigniÞcantly more eggs were laid in substrates treated with 10 and 25% waste media than in those treated with undiluted and 50% diluted waste when combined age groups were considered. When the age groups of the waste were considered separately, age group 3 and 7 showed significantly higher amounts of eggs than the remaining four age groups. Results showed that the 28-d-old waste was least attractive of all the ages of the waste tested, and the 100% diluted waste was least attractive among the concentrations tested.
When the cellulose Þber-based waste was used, the number of ßies depositing eggs in these substrates also varied with age and concentration used (Table 3 ). The substrates treated with waste medium diluted to 10 and 25% attracted signiÞcantly more females to oviposit compared with undiluted or 50% diluted waste medium when all age groups were considered together (Table 3) . When the concentration groups were combined, three and 7-d-old waste ßuid attracted signiÞcantly more ßies to oviposit than the 0, 1, 14, or 28-d-old waste ßuid (Table 3 ). The amount of eggs laid varied according to age as well as the concentration of the waste (Table 4) . SigniÞcantly more eggs were laid in the substrates treated with 10 and 25% diluted waste media than in those treated with undiluted and 50% diluted waste when age groups were calculated together. When the age groups were considered separately, mean number of eggs laid in substrates treated with 3-d-old waste for all concentrations combined, was signiÞcantly different than the other Þve age groups (Table 4 ). The number of eggs laid on 7-d-old waste was signiÞcantly lower than those laid on 3d old substrate but signiÞcantly higher than those laid on 0, 1, 14, or 28-d-old waste. The lowest number of eggs was laid in the substrates treated with 28-d-old waste medium (Table 4) . Sig- Mean Ϯ SD for rows (F ϭ 50.08; df ϭ 5, 138; P ϭ 0.000) or columns (F ϭ 7.7; df ϭ 3, 140; P ϭ 0.000) followed by the same letter are not signiÞcantly different (P ϭ 0.05; TukeyÕs range test). Table 3 . Number (mean ؎ SD) of 8-d-old female screwworm flies that laid eggs during the 1 hr period on to the substrate treated with cellulose fiber-based waste diet of indicated age and concn together with those that laid on corresponding control substrates treated with distilled water
Concentrations of cellulose-based waste diet Mean Ϯ SD (treatedÐ control) Undiluted 10% 25% 50% 0 8.2 Ϯ 1.5 10 Ϯ 2.1 9.7 Ϯ 1.5 9 Ϯ 0.9 9.2 Ϯ 1.6b 1 10.7 Ϯ 1.6 10.7 Ϯ 2.1 11.5 Ϯ 2.6 7 Ϯ 1.4 10 Ϯ 2.6ab 3 11.7 Ϯ 1.5 13.8 Ϯ 2.1 18.7 Ϯ 1.9 12.2 Ϯ 2.1 14.1 Ϯ 3.4a 7 12.2 Ϯ 2.5 12.8 Ϯ 2.5 15.2 Ϯ 2.3 9.8 Ϯ 1.2 12.5 Ϯ 2.7a 14 10 Ϯ 1.3 10.7 Ϯ 1.2 11.3 Ϯ 1.8 10 Ϯ 1.2 10.5 Ϯ 2.7b 28 4.7 Ϯ 1.6 5 Ϯ 1.4 5.8 Ϯ 1.6 5.5 Ϯ 1.9 5.3 Ϯ 1.6c Mean Ϯ SD (treatedÐcontrol) 9.6 Ϯ 3.3b 10.5 Ϯ 3.4a 12 Ϯ 4.5a 8.9 Ϯ 2.6b
Mean Ϯ SD for rows (F ϭ 35.4; df ϭ 5, 138; P ϭ 0.000) or columns (F ϭ 5.6; df ϭ 3, 140; P ϭ 0.001) followed by the same letter are not signiÞcantly different (P ϭ 0.05; TukeyÕs range test).
niÞcantly more eggs were laid in substrates treated with cellulose Þber-based waste medium than those treated with gel-based waste medium in each of the substrate categories regardless of age and concentration of the waste product used (Tables 5 and 6 ).
Discussion
Because the larvae of New World screwworms are obligate parasites of warm-blooded animals, they require a suitable substrate such as an animal wound for their growth and development. In nature gravid screwworm ßies deposit their eggs in animal wounds and navels of new-born calves (Bushland 1960) . These preferred oviposition sites possibly release an odor that attracts and stimulates gravid females to oviposit. Adams et al. (1979) and Holt et al. (1979) demonstrated in the laboratory that vat ßuid resulting from the waste blood-meat larval diet was attractive to gravid females. Adams et al. (1979) concluded that the vat ßuid produced a feeding attractant. Waste products from blood-meat larval diet also induced oviposition (Mackley and Snow 1982) . Our studies were aimed at determining and evaluating the effectiveness of the waste products from the current gel and cellulose Þber-based artiÞcial larval diets as an oviposition attractant. Our results clearly indicate that both gel and cellulose Þber-based waste products are effective as an oviposition attractant. The fact that large amounts of eggs were collected from the wastetreated substrates compared with only a few eggs from the controls indicates more females were attracted to the waste-treated substrates for oviposition. The waste material from both the gel and cellulose-based diets produced volatiles of strong odor of putreÞed organic matter similar to putrid animal ßesh. Undiluted substrates resulted in the least oviposition suggesting that the putrid odor was somewhat repellent to the gravid females. Diluting the waste material to 10 and 25% signiÞcantly increased oviposition, possibly indicating a decrease in repellency because of dilution. However, the rate of oviposition decreased signiÞcantly when the waste was diluted to 50%, suggesting a possible decrease in attractancy below threshold at this level of dilution. The oviposition response to the control substrate with distilled water was negligible. Fresh to 3-d-old media not used for larval rearing were not attractive to gravid females for oviposition even at 40ЊC (M.F.C., unpublished data). Holt et al. (1979) reported that the undiluted vat ßuid from blood-meat based medium attracted only 38% females, 2.5% of vat ßuid attracted 87%, females and the water control only 5% females to oviposit. These authors allowed gravid females to lay eggs in glass shell vials containing the test material but did not report the amount of eggs laid in these experiments. Adams et al. (1979) studied the efÞcacy of vat ßuid as an attractant in an olfactometer. They reported that the vat ßuid was measurably attractive at concentrations lower than 25% (10 Ð 80% attractancy) but did not increase when concentrations higher than 25% were used. These authors used Mean Ϯ SD for rows (F ϭ 37.1; df ϭ 5, 138; P ϭ 0.000) or columns (F ϭ 4.9; df ϭ 3, 140; P ϭ 0.003) followed by the same letter are not signiÞcantly different (P ϭ 0.05; TukeyÕs range test). fresh vat ßuid in all of their experiments. In our studies, fresh waste (0-d-old) was less attractive to the females than 1 to 7-d and the waste of 14 and 28-d-old were least attractive. It is likely that the numbers of microorganisms responsible for the production of attractive volatile factors were low in the fresh waste, increased during the Þrst week but gradually decreased during the next 3 wk due lack of nutrient causing high mortality. Similar results were noted in the rate of oviposition when eight bacteria-inoculated substrates incubated for varying durations were used (Chaudhury et al. 2002 (Chaudhury et al. , 2010 . It is possible that the same or similar bacteria populations were present in the waste media that were responsible for producing volatiles that were attractive to gravid female screwworm ßies.
The reason that the waste from the cellulose Þber-based diet resulted in signiÞcantly more oviposition when compared with the waste of gel-based diet is not clear. It is likely that the attractive odor molecules dissipate more easily from the cellulose Þber-based waste than the gel-based waste.
Optimal physical conditions for oviposition are not known except for the requirements of temperature as in the case of host wounds (Fletcher et al. 1973 ). In our bioassay, waste materials were heated to 40ЊC to obtain response from the ßies. Less than 5% ßies responded to the waste media tried at 27ЊC (M.F.C., unpublished data). Obviously, higher temperatures allow volatile chemicals to increase their release and dissipate more rapidly thereby attracting relatively more ßies to oviposit. In addition, after being attracted to the potential oviposition site tactile response may play a role in actual oviposition.
Results presented here clearly indicate that the waste product from the artiÞcial larval rearing media is effective in inducing oviposition in gravid screwworm ßies and could be used in the mass rearing colony cages to enhance oviposition thereby reducing the number of cages needed every day for procuring a large number of eggs for mass production. Work is in progress in our laboratory to isolate and identify the factor(s) in the waste media responsible for screwworm attraction and oviposition.
